Biodiversity is strongly affected by the deposition of nitrogen and sulfur on terrestrial ecosystems. In this paper 13 we present new quantitative estimates of the deposition of atmospheric nitrogen to ecosystems across Germany. The 14 methodology combines prognostic and empirical modelling to establish wet deposition fluxes and land use dependent dry 15 and occult deposition fluxes. On average, the nitrogen deposition in Germany was estimated to be 1057 eq ha -1 yr -1 . The 16 deposition maps show considerable variability across the German territory with highest deposition on forest ecosystems in 17 or near the main agricultural and industrial areas. The accumulated deposition over Germany of this study is systematically 18 lower (27 %) than provided in earlier studies. The main reasons are an improved wet deposition estimation and the 19 consolidation of improved process descriptions in the LOTOS-EUROS chemistry transport model. The presented 20 deposition estimates show a better agreement with results obtained by integrated monitoring and deposition modelling by 21 EMEP than the earlier results. Through comparison of the new deposition distributions with critical load maps it is estimated 22 that 70% of the ecosystems in Germany receive too much nitrogen.
Introduction

25
Anthropogenic activities generate a tenfold more reactive nitrogen (Nr) than in the late 19th century due to increased 26 agricultural production and energy consumption (Galloway et al., 2003) . Globally half of the annually fixed nitrogen is due 27 to anthropogenic activities (Fowler et al., 2013) . A large part of the reactive nitrogen enters the atmosphere in the form of 28 ammonia (NH3) through animal husbandry and fertilizer use as well as in the form of nitrogen oxides (NOx) through
Major sources of oxidized nitrogen in western Europe are road transport, electricity generation, and shipping (Kuenen et 38 al., 2014) . Nitrogen oxides play a key role in atmospheric chemistry (Crutzen, 1979) . Only a fraction is removed from the 39 atmosphere close to their sources as the nitrogen oxides need to be further oxidized before they are effectively deposited 40 (Hertel et al., 2012) . Reduced nitrogen emissions in the form of ammonia are mostly associated with agriculture, though 41 other minor sources play a role (Bouwman et al., 1997) . Ammonia is emitted during and after application of fertilizer to the 2 Methodology 75
2.1
Overall approach
76
To estimate the nitrogen deposition to ecosystems across the German territory as good as possible a complex procedure is 77 followed. For pragmatic and historical reasons the assessment strategy combines empirical procedures with chemistry 78 transport modelling results. A short overview is presented in this subsection while a more detailed description of the 79 calculation of the different deposition pathways is given in the following subsections. Figure 1 provides an overview of this 80 procedure including the most important input and intermediate data sets as well as data flows. As there is no large dataset 81 of dry deposition observations we rely on chemistry transport modelling to assess the land use specific dry deposition 82 distributions across Germany. The LOTOS-EUROS CTM is used to model the dry deposition distributions at 7x7 km 2 83 across Germany. Long range transport is incorporated by nesting the German study area into a simulation over Europe as 84 a whole. Besides the deposition fluxes also the modelled rain water concentrations are used in the next steps of the 85 deposition assessment. As the monitoring of wet deposition is rather straightforward, a few hundred stations provide 86 precipitation chemistry in Germany. The density of the observations allow to perform an empirical assessment of the wet 87 deposition flux. These data are used to correct the LOTOS-EUROS rain water concentration distribution towards the 88 observed data using residual kriging. The resulting rain water distribution is combined with a high resolution precipitation 89 distribution to arrive at the final wet deposition estimates. In this way a highly resolved map based on empirical data is 90 obtained that benefits from the process knowledge incorporated in the LOTOS-EUROS model.
91
Currently, none of the European Eulerian chemistry transport models incorporates a parameterization of the occult 92 deposition. For countries with only small areas of upland, this will not lead to significant underestimates in total deposition.
93
However, for elevated locations it may be a substantial contribution to total deposition. In this study the occult deposition 94 flux is derived by estimating the deposition flux of cloud and fog water which is combined with the pollutant concentration 95 in the cloud water. The cloud water concentrations are deduced from the rain water concentrations. The challenge to 96 estimate the occult deposition is to capture the variability in the cloud deposition flux which is strongly dependent on 97 altitude, slopes and local meteorology. Therefore we use high resolution meteorological data available for Germany as a 98 whole, i.e. 7x7 km. Note that this resolution is not able to capture high resolution variability, which means that the occult 99 deposition reflects background values for larger regions and do not reflect the deposition at very exposed sites.
100
To arrive at the final result the distributions of dry, wet and occult deposition fluxes are simply added. This addition takes dimensional grid. The LOTOS-EUROS model has a long history studying the atmospheric nitrogen and sulphur cycles.
111
Many scientific studies have been carried out with the LOTOS-EUROS model studying secondary inorganic aerosol 112 (Banzhaf et al., 2015; Erisman and Schaap, 2004; Schaap et al., 2004 Schaap et al., , 2011 , sea salt (Manders et al., 2010) , particulate 113 matter (Hendriks et al., 2013; Manders et al., 2009 ), ozone (Beltman et al., 2013 Curier et al., 2012) , nitrogen dioxide 114 (Curier et al., 2014; Schaap et al., 2013) and ammonia (Hendriks et al., 2016; Van Damme et al., 2014; Wichink Kruit et 115 al., 2012) . For details on the model we refer to these publications.
116
Here we outline the main features of the LOTOS-EUROS version 1.10 used in this study. 
125
For a detailed analysis of the impact of including these process descriptions into LOTOS-EUROS we refer to a dedicated 126 sensitivity study (Banzhaf et al., 2016) .
127
The LOTOS-EUROS model was ran for the year 2009 using ECMWF meteorological data to drive the model. (Jörß et al., 2010) . This is the most up-to-date spatially distributed inventory for Germany as a whole. Note that the emission 137 data were produced on county basis and that land use information was used to disaggregate the emission information to a 138 higher resolution. This means that the detail in the emission grids is limited, explaining why the modelling was not 139 performed at higher resolutions than 7x7 Km. Traditionally, the assessment of wet deposition fluxes to ecosystems in Germany is performed with an empirical approach 153 making use of observed wet deposition fluxes at a large number of stations (Builtjes et al., 2011; Gauger et al., 2008) . In 154 this study we derive rain water concentrations at the measurement locations and interpolate these data across Germany to 155 arrive at a nationwide distribution. The distribution of the concentration in rain water is then multiplied with a high 156 resolution precipitation map to arrive at the wet deposition estimates:
Datasets om precipitation chemistry from various national and regional monitoring programs in Germany were compiled 159 providing information for 260 sites. The national UBA network (n=11) samples on a weekly rhythm, whereas the regional 160 networks (n=249) may operate at a weekly, two-weekly, four-weekly or monthly basis. Unfortunately, the sampling 161 strategies of the regional networks are not synchronised, only allowing an assessment on annual average basis. The majority 162 of the wet deposition data is obtained with bulk samplers as only 40 stations are equipped with wet-only samplers. Hence, 163 the data from the bulk samplers that pass our quality control procedures were corrected for the dry deposition into the 164 funnels using species dependent correction factors (Gauger et al., 2008) . As the wet deposition data are obtained from many 165 different sources a common quality assessment and quality control (QAQC) protocol and data selection procedure was 166 applied to the whole database. Following EMEP protocols (EMEP, 1996) the ion balance is calculated for all samples. In 167 case the net ion-charge exceeds ±20%, the measurement is rejected. To remove further outliers a statistical outlier test is 168 performed for the time series of each station using the Grubbs test (Grubbs, 1969) . The procedure is iterative in the sense 169 that the procedure is repeated after identifying and removing an outlier until no outliers are found anymore, or too many 170 entries from the series are removed. As we log-transform the data in the interpolation scheme, the procedure is applied to 171 the time series of log-concentrations. All in all, most data flagged invalid are largely due to the ion balance check.
172
A minimum valid data coverage of 40% for a given year was required to be included in further analyses. This criterion is a 173 compromise between including as many stations as possible and maintaining high data quality. The 40% criterion was 174 established based on a pragmatic approach in which we averaged the concentration in precipitation measured at UBA 175 stations for 1000 random subsets of the available 52 weekly measurements for different data availabilities, i.e. 100%, 80%, 176 60%, 40% and 20%. As expected, the variability around the annual mean increases when data availability becomes smaller.
177
At 40% availability the standard deviation is around 15% of the mean concentration values for sulfate, nitrate and 178 ammonium, which we feel is in line with uncertainties in precipitation amounts and other concentration data.
179
Within this study we used a residual kriging methodology to generate the rain water concentration distribution across 180 Germany for 2009 (Wichink Kruit et al., 2014) . Within this procedure the difference between the residual between the 181 observations and an a priori distribution is interpolated. The a priori distribution is the modelled average rain water 182 concentration from the LOTOS-EUROS model. The advantage of using LOTOS-EUROS distributions as a priori is that shows that for ammonium the differences can be as large as 25%, whereas the differences for nitrate and sulfate are much 187 smaller (~10%). This can be explained by the much smaller gradients across Germany observed in the rain water 188 concentrations for nitrate and sulfate compared to those for ammonium.
189
Finally, the rain water concentration is multiplied by a high resolution precipitation map for Germany (see Figure 2 ). This 190 map is derived from precipitation measurements by the German Weather Service using geostatistical approach with a linear 191 regression between precipitation and elevation (Herzog and Muller-Westermeier, 1998) . A mean error of 8% was estimated 192 for the annual precipitation amounts by (Herzog and Muller-Westermeier, 1998) . We validated this distribution against the 193 independent information on precipitation amounts from the stations with precipitation chemistry. Overall, the comparison 194 is very good with most annual totals within 15% of each other. The higher inaccuracy reported here could well be associated 
230
The approach following Katata (2008;2011) as described above is based on experimental data in forests and hence, provides 231 an estimation of fog water deposition on forests only. Furthermore, the input on vegetation by fog is much more relevant 232 for forests than for other land use categories as e.g. for grassland as the area of incidence is largest for forests when they 233 filter the air mass passing through including fog or clouds. Hence, available studies on the occult input on vegetation are 234 limited on forests and therefore fog water deposition on land use categories other than forest categories are neglected here.
235
The mean pollutant concentration in fog water (CFog) was estimated from the annual mean concentration in rainwater using 238 Hereby the annual mean concentrations in rainwater per species stem from the interpolated concentration fields derived for 239 the calculation of the wet deposition flux. The enrichment factors for the different species were derived from a compilation 240 of field data from studies that provide simultaneous observations of fog and rain water chemistry (Table 1) . The 241 underpinning studies are provided in the supplementary material. Enrichment factors are greater than unity for all species 242 as within all available studies and for all species the concentration in fog water was higher than in rain water. This can be 243 explained by a lower dilution in fog/cloud droplets as these are smaller than rain droplets and contain less water. The 
250
The estimated total deposition of reactive nitrogen amounts to 1057 eq ha -1 a -1 on average across the country. Almost two 
268
The dry deposition flux is strongly dependent on land use category through surface roughness and substance properties 269 such as solubility or reactivity. In Table 2 Table 3 ). In short, we feel that the distributions of nitrogen dioxide and sulphur dioxide on rural background stations is 293 simulated satisfactorily.
294 Figure 5c shows the evaluation results for annual mean ammonia concentrations. On average, the model tends to 295 underestimate the observed concentrations slightly and yields an explained spatial variability of 65%. Hence, the model is 296 able to reproduce a large part of the variability and large scale gradients across Germany. Within a given region, e.g. Lower
297
Saxony, still considerable spread around the 1:1 line is observed, which we attribute to the low level of spatial detail in the 298 emission inventory within counties. Overall, the model performance for a regional assessment is promising. In a next step 299 is seems logical to also investigate the seasonal cycles and search for high resolution data sets. As ammonia levels are 300 highly variable more detailed emission information is anticipated to improve the comparison further. 301 302
Dry deposition velocity
303
In Table 4 underestimation is lowest for reduced nitrogen (21%), see Table 5 . Oxidized nitrogen shows an underestimations of 38%.
328
In absolute terms the underestimation is about 140 eq ha -1 yr -1 for reactive nitrogen. In comparison to the observations the 329 variability of the modelled wet deposition fluxes is rather small. Although models always tend to underestimate observed 330 variability, we feel that one of the main reasons for lower variability is high spatial and temporal variability in precipitation 331 amounts and the general challenge for meteorological models to realistically represent these variabilities. This hypothesis 332 was tested by combining the empirically derived high resolution precipitation map and the modelled rain water 333 concentrations. This exercise showed a considerable improvement for the spatial correlation between the calculated wet 334 deposition fluxes. and station observations, confirming the hypothesis. It should be noted that, as expected, the exercise did 335 not affect the bias. 336 337
The impact of empirical calculations
338
In case the underlying emissions and process knowledge is accurate the total modelled deposition using LOTOS-EUROS 339 should be unbiased and thus highly consistent with the assessment results. Hence, deviations between the two provides 340 hints at areas and components that need improvement in the modelling. The latter is important as a CTM is used to explore 341 the effectivity of mitigation strategies. In Figure 8 we present the relative difference between the final assessed total 342 deposition estimates and the modelled total deposition using LOTOS-EUROS. These ratio maps contain the signature of 343 the highly resolved precipitation map as well as the occult deposition on top of a more general distribution. To remove the 344 first structures it is advised to use higher resolved non-hydrostatic meteorological input data as well as to develop a 345 parameterization for occult deposition in the chemistry transport model. (Builtjes et al., 2011) . In principle, in MAPESI the same overall approach was taken as in this study. In comparison to 358 MAPESI the current assessment of total deposition across Germany is lower by 27% (see Table 6 ). This difference is largely 
374
Hence, the reduction in comparison to MAPESI is not a homogeneous reduction across the German territory.
375
In Table 6 also the results of this study are compared to those of EMEP for 2009 as calculated with the emission reporting 376 of 2014 (www.emep.int). Our total N deposition is very close to EMEP results, with a difference of abut 6%. Altogether, 377 the comparison between the best estimated reduced N deposition in PINETI-2 and the reported total N deposition by EMEP 378 is good. The spatial distributions of the NOy and NHx deposition in the EMEP model are rather similar to ours, although 379 it is obvious that the distributions obtained here show much more structure than the EMEP results due to the higher 380 resolution modelling and high resolution precipitation distribution used here. With respect to oxidized nitrogen the final 381 results for this study are slightly lower than the EMEP model results. However, the LOTOS-EUROS results are significantly 382 lower than the results by EMEP, which is exclusively due to a difference in the wet deposition numbers of both models as 383 the average dry deposition fluxes are almost the same. The systematic underestimation of oxidized nitrogen in precipitation 384 from LOTOS-EUROS is currently under investigation.
385
To evaluate the total nitrogen deposition one relies on scientific studies that measure wet and dry deposition at a single site.
386
In Table 7 the N deposition results are compared with the estimates at few research sites in Germany. Forellenbach is an 387 integrated monitoring site and is located in the Southeast of Germany in the Bavarian forest. Neuglobsow is also an 388 integrated monitoring site and is located in the Northeast of Germany. Bourtanger Moor is a Nature2000 area that is located 389 in the Northwest of Germany, close to the border with the Netherlands. Note that the total N deposition at these stations 390 was determined using different methodologies. For Forellenbach and Neuglobsow our estimates are 20 % higher than 391 estimated based on the local observations. At Bourtanger Moor, a variety of methods to determine total N deposition was 392 explored at different locations in the nature area and a large range of total N deposition estimates was found, i.e., values , 86, 717-738, doi:DOI 10.1046 , 86, 717-738, doi:DOI 10. /j.1365 , 86, 717-738, doi:DOI 10. -2745 , 86, 717-738, doi:DOI 10. .1998 , 86, 717-738, doi:DOI 10. .8650717.x, 1998 613 Table 3 . Summary of the statistical model evaluation for SO2 and NO2. The data represent the averages over all N stations. We 614 present the observed and modelled mean concentration as well as the variability expressed as a standard deviation (STD).
615
Furthermore, the bias, root mean squared error (RMSE) and temporal correlation coefficient (COR) are given. 
